Distraction osteogenesis represents the greatest single development in craniofacial surgery during the past 10 to 15 years. The technique appears to hold great potential in the management of a variety of craniofacial deformities. This review will cover developments in the basic sciences underlying the process of distraction osteogenesis. Studies that have emerged in the past 2 years covering applications in the mandible, midface, and upper facial skeleton and the role of distraction in managing pediatric upper airway obstruction will be presented. Results with longer follow-up periods are now appearing and authors are beginning to better define the details of preoperative planning. Finally, we will mention the new directions in which this exciting technology may head. Curr Otolaryngol Head Neck Surg 2001, 9:238-248 
Distraction osteogenesis (DO) is a method of endogenous tissue generation whereby new bone is produced within the gap between two opposing bone segments that are gradually separated. The process was first described by Codvilla [1] in 1905 for the management of shortened limbs; however, it did not gain widespread acceptance until the technique was popularized by the extensive clinical and experimental work of Ilizarov [2,3] from 1950 to 1980. Application of DO to the craniofacial skeleton was first reported by Snyder et al. [4] in an experimental model. In the early 1990s, detailed experimental work in the canine model demonstrated the ability to increase jaw dimension using elongation DO [5] and close segmental jaw defects using transport DO [6] . Soon after, the first clinical reports appeared describing the successful use of elongational distraction in congenitally shortened human mandibles [7] . During the past decade, there has been a rapid proliferation in the use of elongational DO for a variety of congenital deficiencies at all levels of the craniofacial skeleton. Unfortunately, clinical application of transport DO for the management of acquired segmental defects has not enjoyed the same success. DO has been classified as monofocal, bifocal, or trifocal depending on the number of foci at which osteogenesis occurs (Fig. 1) . Monofocal distraction is a form of elongational DO, whereas bifocal and trifocal distraction are forms of transport DO.
The clinical process of DO involves careful patient selection, and preoperative analysis and planning, followed by an initial surgery in which an osteotomy is performed across the point where bone lengthening is desired. The preselected distraction device is inserted. After the operation, a period of time (latency period) is allowed to lapse before distraction is commenced. The distraction device is then activated on a regular basis during the next several days (distraction phase) in order to gradually separate the bone ends. Once the desired length of elongation is achieved, distraction is stopped, and the bone regenerate is allowed to heal (consolidation phase) with the distraction devices in situ acting as a fixation device. When bone healing is complete, the distraction devices are removed. Several advantages over conventional craniofacial surgery have been advocated by proponents of craniofacial DO (Table 1) ; however, the technique is still early in its development, and its exact role in the management of craniofacial anomalies remains unclear. The long-term results are unknown, and many professionals feel that distraction is being inappropriately implemented before its efficacy has been confirmed. In addition, complications and pitfalls that need to be addressed have been recognized (Table 2) .
Basic science and biologic principles
The biologic principle underlying DO was described by Ilizarov as the generation of new bone in response to the tension-stress effect induced by gradual mechanical strain applied to bone segments across the distraction gap. The exact biologic mechanisms and pathways resulting in osteogenesis, however, have not been established; in fact, many questions remain regarding the scientific details of the process. The majority of experimental studies using histologic techniques to assess distraction favor intramembranous ossification as the predominate method of bone regeneration in the craniofacial skeleton, with endochondral bone formation relegated to a minor role if it is involved at all [8-10]. Recently Komuro et al. [11•] reported on a clinical series of histologic specimens from 10 patients obtained at the time of device removal after craniofacial distraction with internal appliances. They reported no evidence of cartilage callus formation in any of the specimens. Although this finding is the best evidence reported to date in humans that intramembranous ossification is the primary method of bone formation, it should be interpreted with caution. The specimens were all collected, on average, 2 months or later after completion of distraction. Cartilage precursors may have already come and gone by that time as the result of remodeling. The mechanism of bone formation is thought to depend on several factors, including species-related differences, timing, rate of distraction, and the rigidity of the distraction device.
Several studies have recently attempted to assess the role of growth factors in DO. Tavakoli et al. [12•] used immunohistochemical methods to quantify the expression of basic fibroblast growth factor (bFGF), transforming growth factor-beta (TGF-B), and insulin-like growth factors (IGF-I and IGF-II) in the distracted sheep mandible during the remodeling or consolidation phase. They found that bFGF was significantly upregulated in osteoblasts, osteocytes, osteoclasts, and the osteoid matrix during the remodeling phase. Levels of TGF-B and IGF were only mildly elevated in osteoblasts and osteocytes. These findings suggest a key role for bFGF in mediating the remodeling phase of DO. TGF-B and IGF may play less of a role during the remodeling phase, at which time osteoblastic activity has slowed and given way to osteoclastic activity. TGF-B and IGF are known to exert strong stimulatory effects on osteoprogenitor cells during cellular proliferation early in bone healing. In addition, TGF-B seems to be of greater importance in endochondral bone healing than membranous bone formation and, as such, may play less of a role in craniofacial DO. The effects of locally applied TGF-B1 have been studied using an implanted osmotic pump to deliver different dosages to the distraction site during rabbit tibial Bifocal distraction is used to repair a segmental defect and requires creation of a transport disc, which is then distracted across the defect until it docks with the opposing bony segment. (C) Trifocal distraction is similar to bifocal distraction attempts to halve the distraction time by transporting two discs from opposite ends of a defect to dock in the middle. Published with permission [6].
Table 2. Complications and potential pitfalls of craniofacial distraction osteogenesis
Failure of the distraction device Loosening of osseous pins or screws used to fixate distraction devices Incorrect distraction vector resulting in segmental malposition Lack of precise occlusal control when distracting tooth-bearing segments Disparity between the amount of distraction, as predicted by device activation, and the actual distraction, as measured clinically or radiographically Need for second surgical procedure to remove internal devices Need for delayed surgical revision to correct recurrent deformities later in growth when distraction is performed at an early age Soft tissue scarring Patient noncompliance Less invasive surgery, decreased tissue dissection and bone  manipulation, decreased blood loss, shorter hospital stay  No need for bone grafting to maintain repositioned segments  No need for internal fixation, which may cause damage to unerupted tooth buds or growth restriction in young patients Potential for substantially greater segmental advancements resulting from the slow incremental distraction process being better able to overcome the restrictive effect of the overlying soft tissue envelope, particularly in a scarred tissue bed Beneficial effects of soft tissue augmentation through simultaneous distraction histogenesis Greater postoperative stability Capability of surgical intervention in younger age groups lengthening [13] . No detectable effect on bone mineral density or histologically determined bone volume was found relative to controls; however, an increase in the amount of fibrous tissue was seen. Load to failure under uniaxial tension forces was lower in TGF-B1-treated animals. Bone morphogenetic proteins (BMPs) are recognized as potent bone inducers in many experimental systems and can induce the differentiation of mesenchymal cells into chondrocytes and osteoblast lineages. Immunohistochemical studies of the regenerate formed during rabbit tibial distraction have recently shown an increase in the expression of BMP-2, -4, and -7 within mesenchymal cells and osteoblastic cells in the periosteal region [14•]. A high level of expression was maintained during the distraction phase and then gradually disappeared during the consolidation phase. Bone morphogenetic proteins may play an important role in the signaling pathways that link the mechanical forces created by distraction to biological responses.
Several factors have been noted to play a role in determining the quality and quantity of bone produced during DO. These factors can be grouped into bone-healing factors and distraction factors, as shown in Table 3 . Bone-healing factors act at either a local or systemic level. Adequate viability of osteocytes and osteoblasts is essential to provide an adequate source of osteogenic activity at the distraction site; hence, careful surgical technique should be used to minimize thermal or mechanical injury to the periosteum and endosteum, which are the main sources of osteoblast precursors. Similarly, an adequate blood supply to the distraction site is also critical to osteogenesis. Arterial insufficiency may lead to ischemic fibrogenesis within the regenerate, yielding a loose irregular collagen network instead of the desirable dense regular collagen pattern. Venous outflow obstruction has been associated with cystic degeneration of the regenerate. The clinician, therefore, must ensure that soft tissues surrounding the site of proposed distraction are well vascularized. Early studies in long bones concluded that both an intact periosteum and endosteum were critical to successful osteogenesis; therefore, many advocated that a corticotomy-only bone cut be performed through a minimal periosteal opening. More recently investigators have demonstrated that the perios-teum alone can provide sufficient osteogenic capacity to form a viable regenerate in the well-vascularized membranous bone of the craniofacial skeleton. Therefore, although some clinicians continue to advocate a corticotomy, most reports of craniofacial DO describe the use of a complete osteotomy, taking care to preserve as much of the surrounding periosteum as possible.
Of the distraction factors, most investigators in the past have stated that rate and rhythm play a more significant role than latency. If widening of the osteotomy site occurs too rapidly (> 2 mm per day), a fibrous nonunion may result, whereas if the rate is too slow (< 0.5 mm per day), premature bony union can occur and prevent lengthening to the desired dimension. These findings in long bones have been empirically applied to the facial skeleton, and the majority of reports have favored a rate of 1 to 2 mm per day in craniofacial distraction. A quicker distraction process can be used in patients with favorable bone-healing factors and in the younger patient, owing to the higher metabolic rate. Ilizarov reported that the best results in limb lengthening are obtained with continuous distraction; however, this process is clinically impractical to implement. Therefore, the frequency of distraction has tended to range from 1 to 2 activations of the appliances per day. Latency periods have varied from a zero waiting time to 4 to 7 days after osteotomy. Recent experimental studies in sheep mandibles comparing different rates of distraction revealed that a rate of 1 mm per day yielded new bone with superior characteristics, as measured by biochemical testing, mineral content, and histologic analyses [15] . A related study in minipigs compared stability and radiographic bone density of the regenerate using a latency of 0 or 4 days and distraction rates varying among 1 mm, 2 mm, and 4 mm per day [16•]. The findings showed no differences between the two latency times. The group distracted at 1 mm per day demonstrated superior stability across the distraction site. Stability was assessed in a semiquantitative fashion using bimanual palpation in this study; therefore, the results should be interpreted with some caution.
A technique known as pumping the regenerate, whereby the distraction gap is subjected to alternating forces of com- Table 3 pression and distraction during an overall lengthening process, has been shown to improve the quality and quantity of new bone formed in long bones. In a recent study using rat mandibles, no substantial differences between the group that underwent pumping and control animals could be demonstrated [17] .
. Factors influencing the outcome with distraction osteogenesis can be divided into bone-healing factors and distraction factors

Internal versus external distraction
Distraction appliances can be divided into internal and external types. Internal appliances have the main body of the distraction mechanism submerged below the skin or mucosa and are fixated to bone using conventional plate and screw metal hardware. A connecting rod passes from the distraction mechanism and exits through the skin cover or mucosa to allow activation. External devices positioned outside the skin or mucosa are secured to bony segments using transcutaneous pin fixation or attached to the lower maxilla with a custom acrylic wireband appliance. Arguments in favor of both internal and external devices for mandibular and midface distraction have appeared in the literature [18••,19,20].
Internal appliances are more suited for uncomplicated movements where displacement in only one direction is required. Once internal appliances are in situ, modification of the distraction vector is not possible. The rigidity achieved with internal fixation across the distraction gap is, in most cases, superior to external devices as a result of the closer proximity of the device to the gap, thereby reducing torque and improving the mechanical advantage relative to transcutaneous pins. In addition, plate and screw fixation is inherently more stable than transcutaneous pin fixation. Recently plate and screw fixation has been applied to external devices for midfacial distraction, and future developments may see the implementation of similar designs for mandibular external fixation [21] . External devices have the advantage of allowing multidirectional distraction in several planes of movement. They provide a greater degree of freedom in selecting the desired vector of distraction (angular and linear movements are possible) and also the ability to change the vector of incremental advancements during the distraction phase as necessary. This ability is most advantageous in controlling occlusal relationships. Furthermore, external appliances are typically retained via transcutaneous threaded pins, which facilitates use in very young patients where the size of the facial skeleton and the position of developing tooth buds may preclude using the plate and screw fixation necessary to secure internal devices. Lastly, external devices are easily removed after consolidation, in contrast to internal devices, which often require a second surgical procedure to expose and retrieve. Disadvantages with external devices include scars as a result of the transcutaneous fixation pins. These produce at times a severe linear tract that grows as the pins are splayed during the distraction process. In addition to the less stable fixation with external appliances and the unfavorable loading mechanics, they can be bulky. Having the appliances in situ for 8 to 12 weeks can result in their becoming dislodged by trauma, or in some cases, patients may simply refuse to comply.
Mandibular distraction
Considerable experience with elongational distraction has accumulated in a relatively short time during the past 10 years. Although the overwhelming experience with elongational DO of the mandible has been in the correction of congenital craniofacial anomalies, application in the field of surgical orthodontics to correct dentofacial deformities has recently been reported [24] . Repositioning of the skeletal dental bases in these situations, however, has been effectively managed for several decades using conventional orthognathic techniques, which offer the advantage of excellent occlusal control and attainment of a final result at the time of initial surgery. It is unlikely that DO will soon supplant traditional orthognathic surgery for mandibular elongation in the correction of routine dentofacial deformities. Distraction may play a role in mandibular advancement of the more complicated cases with severe deformities that are refractory to conventional functional orthopedics or orthodontic-surgical therapy. A recent report expresses the view that distraction affords the possibility of early intervention in the growing child, but this topic is a controversial area [24] .
Early in the development of distraction techniques, it became apparent that an important consideration in mandibular surgery was deciding on the vector of distraction and the location of the osteotomy. [26] [27] [28] . Several important considerations are relevant to preoperative planning before mandibular distraction and include the pre-existing shape of the lower jaw, mandibular size (overall length, ramal height, body length), the position of the lower jaw relative to the maxilla and cranial base, the presence of asymmetry, and the mandibular plane angles. Consideration should be given to three-dimensional analysis for complex problems and perhaps the aid of computer-generated models and computer-assisted planning software. Also, in cases of bilateral distraction, it is important to carefully consider the distraction in the axial plane because opposing vectors parallel to each of the mandibular bodies may result in a mechanical conflict with the resultant v-shaped forward movement [29] . A full discussion of the details involved in preoperative analyses is beyond the discussion of this review; however, the reader is encouraged to consult with the existing literature because this issue is an essential component in the successful application of DO in correcting mandibular deformities. Unfortunately, the early success with application of distraction techniques in elongating congenital mandibular anomalies has not been reproduced with the use of transport distraction techniques to repair segmental mandibular defects. Although the principle of segmental repair is attractive in theory and has been shown to be effective in experimental animals, there have been few reports demonstrating similar outcomes in a series of human patients [30] . Several factors may explain this finding. A major problem that plagues transport osteogenesis is the interposition of soft tissue between the transport disc and the opposing bone end toward which it is being moved. This problem invariably leads to nonunion or pseudoarthrosis at the docking site, requiring secondary stabilization with internal fixation and, frequently, bone grafting. Long segmental defects would require an extended distraction phase. For instance, an 8-cm defect using trifocal distraction with each transport disc aggressively advanced at the rate of 2 mm per day would need nearly 3 weeks to close, assuming there were no complications. In addition, segmental defects frequently include a curved portion of the anterior mandible, which would pose substantial mechanical hurdles in terms of distractor design. Although successful distraction around the anterior mandible has been reported in experimental animals [31] , there have been no similar reports in human subjects. The most common cause of segmental defects is ablative surgery for epithelial malignancy of the oral cavity, and in this situation, there is usually an associated mucosal and soft tissue defect that typically requires flap reconstruction, regardless of how the osseous defect is repaired. Revascularized free tissue transfers are now accepted as the preferred method of reconstruction for large oromandibular defects and would frequently be used in any event for soft tissue repair. Conceivably, distraction hardware could be inserted at the time of primary surgery in conjunction with the soft tissue repair and osteogenesis completed in the postoperative period. The consolidation period, however, may interfere with the onset of postoperative radiation therapy that may be necessary. Secondary repair in these cases would be complicated by a poor soft tissue bed resulting from scarring or radiation therapy and would necessitate temporary placement of a temporary mandibular reconstruction plate to maintain arch relationships before DO. It is therefore difficult to justify the use of distraction in compound oromandibular defects when an osseous-bearing free flap could be performed as a single highly reliable reconstructive procedure from the outset, with little increase in cost or morbidity. On the other hand, primary reconstruction of mandibular segmental defects may be an option in selected cases with minimal or no mucosal defects, as is the usual scenario after benign tumor resection. In such instances, creation of a transport disc and insertion of the distraction appliances at the time of resection may prove to be more expedient and efficacious to reconstruction with bone grafts or revascularized free bone flaps. A novel use of distraction osteogenesis in combination with free flap reconstruction of a segmental defect involved a case in which the revascularized fibula segment was secondarily optimized using vertical distraction to increase the neoalveolar height and facilitate osseointegration of prosthetic implants [32] . Advances in the design of distraction appliances and perhaps new developments in the application of growth factors to decrease the length of the distraction and consolidation phases may lead to more widespread applications of DO in segmental mandibular reconstruction. Currently, however, the indications remain limited.
Other aspects of mandibular reconstruction using DO have been the subject of recent investigations. Reconstruction of the temporomandibular joint by creation of a new condylar segment using transport distraction may prove to be a good alternative in this difficult clinical problem [33, 34] . Experimental investigations have shown that the neocondyle assumes the shape of a native condyle and induces the formation of a fibrous cap over its leading edge, which could potentially act as an articular disc within the newly created joint space [34] . Promising results have also been reported with the use of distraction to correct various dentoalveolar problems. Correction of a crossbite resulting from mandibular transverse deficiency or dental crowding related to inadequate arch length has been achieved using intraoral devices to distract and widen the symphyseal region. Long-term results have been published demonstrating good stability [35] . Use of distraction to increase alveolar height of the edentulous mandible as a preprosthetic procedure has also been shown to be effective [36] [37] [38] . This application of distraction has lead to the use of ingenious devices and the fusion of implant and distraction technologies [38] .
Midface and cranial distraction
Although less than with mandibular distraction, sufficient experience now exists to validate the usefulness of distraction in correcting deformities of the maxilla, orbital complex, and, most recently, the cranial vault. The most frequent applications involve advancement of the hypoplastic maxilla at the Lefort I level in cleft lippalate patients and advancement of the midfacial skeleton at the Lefort III level in patients with craniofacial dysostosis. Distraction seems to offer significant advantages over conventional craniofacial surgery in the midface region. Owing to the high risk of fragmentation when repositioning immature bone segments and to the space restrictions on the placement of internal fixation devices, conventional craniofacial surgery of the midface is traditionally delayed until a substantial degree of skeletal growth and dental eruption has occurred (7-8 years of age). DO is not subject to the same limitations and can therefore be performed at an earlier age (4-5 years of age). Advancements using conventional craniofacial sur-gery have long been recognized as having a propensity for significant relapse. This propensity has generally been attributed to the reactive forces imparted by distension of the overlying soft tissue envelope, which may preclude the desired degree of distraction. Midface retrusion associated with cleft lip and palate is problematic in this regard. ,41] . Their technique uses a high Lefort I osteotomy with or without segmentation. In a series of 16 patients, the advancement at A point averaged 8 mm and at the maxillary incisal edge averaged 10.6 mm, as measured using early postdistraction cephalometry. Findings 1 year later verified excellent stability with no significant decrease in the incisal edge position and only a 14 percent fall back at A point. These observations compare with horizontal relapse averaging 20 to 25% after maxillary advancements of 5 to 7 mm using conventional orthognathic surgery [41] . In addition, stable improvements were noted at 1 year in the soft tissue profile, including decreased angle of facial concavity, increased nasal tip projection, normalization of the nasolabial angle, and increased upper lip prominence. Distraction at the Lefort III level has also been shown to be highly effective, producing stable results even with the extreme advancements necessary for the correction of midface retrusion. Cedars et al.
[40••] have used a unique internal distraction device in these patients since 1995 and have now published their findings using serial cephalometric analysis. In six patients followed 1 year or longer, the length of horizontal advancement averaged 14 mm at A point and 15 mm at orbitale, with no appreciable relapse at A point and only a 1-mm relapse on average at orbitale. In addition to the potential for large midface advancements with improved stability, DO provides the means to intervene in patients at a younger age. Those with significant deformities can therefore undergo major skeletal correction and enjoy improvements in form and function earlier than otherwise possible. In particular, the psychosocial benefits resulting from an improved appearance early in development can lead to dramatic differences in overall outcome. Early results seem to indicate that midface distraction yields more predictable and more stable improvements in the upper midface and that less control is afforded at the occlusal level. Furthermore, DO will not correct the inherent growth deficiency of the maxilla present in patients with craniofacial dysostosis. It would seem reasonable that the primary goal of midface distraction at an early age is to improve form at the orbitozygomatic level, with the acceptance of some compromise at the maxillary dentoalveolar level. Patients should be advised that a second surgical procedure at the Lefort I level will likely be necessary later in life to optimize the dental skeletal base relationships [43••] .
In addition to midface advancements, investigators have now reported on several patients undergoing both monobloc and facial bipartition distraction for combined deformities of the anterior cranial vault and the orbitomaxillary complex [43••,44] . Kobayashi et al. [45] have also reported on managing unilateral coronal synostosis with internal forehead distraction. Several advantages relative to conventional craniofacial repositioning have been cited when using distraction in reconstruction that involves the cranial vault. Specifically, one has the ability to achieve significant advancement using an incremental process without the creation of intracranial dead space or wide openings between the cranial and nasal cavities along the anterior skull base. These problems are known to plague conventional monobloc, facial bipartition, or fronto-orbital advancements and are recognized as leading to the high rates of infection and cerebrospinal fluid leaks cited in the past. Distraction at the cranio-orbital level is a less invasive procedure, with decreased blood loss and operative time, and can be used more safely in infants and young children. As is the case with midface and mandibular deformities, DO is better able to overcome restrictive soft tissue forces, suggesting the possibility of larger and more stable advancements. In fact, overcorrection has been advocated in an attempt to decrease the incidence of subsequent revision procedures. With certain limitations and the increased risk of an unfavorable result, distraction of facial monoblocs or bipartitions can potentially be used in concert with extensive cranial vault remodeling procedures.
The role of distraction for correction of nonsyndromic craniosynostosis is unclear. This is particularly true in young patients. Simple deformities such as plagiocephaly or scaphocephaly, where the forehead shape is generally favorable and little segmentation is necessary, are amenable to straightforward fronto-orbital advancement using distraction. The potential for very large movements by gradually overcoming the recoil of the soft tissue envelope may favor DO rather than conventional remodeling procedures. However, complex synostotic deformities will require movement of several bone segments in different directions entailing the insertion of multiple distraction devices that may be impractical. Early cranial vault remodeling in these cases has proven to be very effective, and it is unlikely that distraction techniques will afford a clear advantage.
As with the mandible, careful preoperative planning is mandatory before midface and upper face DO. Considerations include the degree of exorbitism, the presence of anteroposterior deficiency within the midfacial bony structures and their position relative to the cranial base and the mandible, vertical midface deficiency or elongation, and maxillary plane and occlusal plane angles. Whenever the desired movements will affect occlusion, a complete occlusal analysis must be undertaken, including anteroposterior occlusal relationships, transverse relationships, the presence of open bite deformities, occlusal plane angles, and incisor inclinations. Once the magnitude and direction of the desired osseous movements have been defined within the upper and lower midface, the necessary osteotomies and the type of distraction device can be selected. Figure 2 illustrates a patient with craniofacial dysostosis who underwent midface advancement using internal distraction osteogenesis at any early age.
A recently published innovative application of DO within the maxilla involves the repair of the alveolar bony defects in cleft lip and palate patients. Alveolar clefts have traditionally been repaired using autogenous bone grafting. Large defects measuring 1 cm or greater, however, can prove to be problematic with difficulty in obtaining a water-tight mucosal closure and a tendency for subsequent bone resorption. Liou et al. [46] demonstrated the successful application of distraction with excellent results in three patients with wide alveolar cleft deformities. In principle, a bifocal distraction technique was used in which small tooth-bearing alveolar segments were osteotomized posterior to the clefts and subsequently advanced toward the anterior edge of the alveolar defects with tooth-borne distraction appliances. At the completion of the distraction, gingivoperiosteoplasty was necessary to close the mucosal defect between the approximated edges of the alveolar cleft, and, if necessary, a small amount of cancellous bone was also interposed. Subsequent to alveolar cleft repair with distraction adjacent teeth were orthodontically moved into the regenerate during dental realignment. The authors noted that the technique can be applied to small clefts as well, and in such cases, the gingivoperiosteoplasty can be performed at the time of initial appliance insertion before the distraction phase, thereby creating a mucosal tunnel through which the transport disc is advanced. Several advantages seem possible in using interdental distraction osteogenesis to repair alveolar clefts. The technique allows for the closure of large defects and carries the possibility of maxillary expansion plus the creation of additional alveolar length, thereby increasing overall arch length and allowing for better orthodontic realignment. Soft tissue regeneration accompanies the distraction process whereby new alveolar gingiva is created, eliminating the restrictions that deficient soft tissues place on repair of the bony clefts. There is no need for a bone graft donor site. The quality and the alveolar height of the new bone may be superior to that obtained with bone grafting. Rapid orthodontic movement of teeth into the regenerate bone can be performed early, even before consolidation is completed, and it has been shown that this improves the overall bone quality of the regenerate by inducing remodeling into cortical architecture [47] .
Role of distraction osteogenesis in managing airway obstruction in congenital anomalies
Congenital craniofacial anomalies are commonly associated with upper airway obstruction resulting from a mechanical narrowing of the cross-sectional area of the airway. The location of the obstruction depends on the nature of the underlying anomaly. The clinical manifes- tations are usually sleep-disordered breathing in the form of obstructive apnea and feeding difficulties, failure to thrive, and daytime somnolence. In infancy and early childhood, chronic hypoxia and the risk of acute airway compromise may require long-term tracheostomy. The most common craniofacial anomalies associated with upper airway obstruction are those with micrognathia and glossoptosis or midfacial deficiency. Pierre-Robin sequence, Nager syndrome, and mandibulofacial dysotosis feature a hypoplastic retrognathic mandible and posterior positioning of the tongue, resulting in obstruction at the oropharyngeal and hypopharyngeal level. The degree of airway obstruction is directly correlated to the severity of the deformity and varies from acute airway obstruction with hypoxia in the neonatal period to milder forms of sleep apnea, feeding difficulties, and recurrent episodes of airway compromise triggered by upper respiratory infection. Treatment in these patients varies accordingly and may range from conservative prone positioning to surgical tongue repositioning procedures, such as liptongue adhesions. In the most severe cases, prolonged endotracheal intubation or tracheotomy are necessary, and estimates for such aggressive management range from 12 to 42%, with the cannulation time averaging 3.1 years [48] . Recently DO has been used in an effort to improve or eliminate sleep apnea, prevent tracheostomy, or allow early decannulation in these patients. Mandibular distraction has been undertaken in neonates as young as 6 days, successfully avoiding tracheostomy in patients intubated perinatally as a result of severe micrognathia and glossoptosis at birth [48, 49] . Williams et al. [50] achieved early decannulation in a small group of patients with Treacher-Collins and Nager syndromes with existing tracheotomies that were placed for severe obstructive apneic episodes within the 1st month of life. The mean age at the time of distraction for these patients was 2.7 years. Bilateral mandibular distraction was performed with an average distraction length of 21 mm. Afterwards, improvement in the airway was verified by maintenance of a patent airway and adequate oxygenation with test occlusion of the tracheotomy tubes in all patients. The average time to decannulation after distraction was 3.6 months, and cephalometric analysis confirmed an average hyoid advancement of 14.5 mm. Morovic et al. [51••] reported on a series of patients consisting of five patients with Pierre-Robin sequence and two patients with Treacher-Collins syndrome. In their study, mandibular distraction was undertaken to manage obstructive sleep apnea and avoid possible tracheotomy in five patients. Preoperative polysomnograms confirmed an apnea index greater then 20 episodes/hour and desaturation to levels less than 80% in these patients. Bilateral mandibular distraction was undertaken at an average age of 6 months. Airway function improved in all patients, as documented by postdistraction sleep studies showing improved apnea indices to less than 20 episodes per hour and oxygen saturation remaining more than 85% in all patients. Furthermore, failure to thrive resolved in all patients.
New developments
A related concept to DO that has recently been proposed is that of contraction osteogenesis [52] . The process refers to the shortening of immature growing bone segments through the application of compressive forces. Contraction osteogenesis has been shown to achieve significant reductions in midfacial length in 1-month-old rabbits without appreciably altering other craniofacial relationships [52] . The use of endoscopic techniques to facilitate initial performance of the osteotomy and device insertion has recently been reported in experimental animals [53] . Successful implementation of endoscopic techniques in humans will move craniofacial DO into the domain of minimally invasive surgery. Advancements in the design of distraction devices will improve the reliability and decrease complications related to appliance malfunction. In addition, automated distraction devices capable of self-activation through implantable mechanical devices that are controlled by external computerized methods may improve patient compliance. Also on the horizon are developments in the application of resorbable plate technology to distraction appliances [54] . If successful, this development could eliminate the need for a second surgical procedure to remove internal appliances. Ongoing efforts to elucidate the role of various growth factors in the distraction process may enable clinical manipulation of these factors to accelerate the distraction process and improve the quality of bone regenerates. Currently, there is an unprecedented level of research interest aimed at refining and exploring the frontiers of craniofacial distraction osteogenesis.
Conclusions
Distraction osteogenesis seems to hold great potential for a variety of osseous defects, congenital and acquired, that can be encountered within the craniofacial skeleton. Numerous advantages have been cited among the growing number of advocates for craniofacial DO (Table 1) . Experience with the technique is still limited, and more investigation is necessary to refine techniques, improve the design and reliability of distraction devices, and determine the long-term outcomes with DO. New and novel applications of DO in the craniofacial skeleton are rapidly emerging, and as further information becomes available its exact role in the management of craniofacial anomalies will become clear. Currently, it would seem that distraction is most useful for the more severe deformities where there is a need for earlier intervention, the risk of relapse with conventional techniques is high, or conventional osteotomies are not feasible.
